ABSTRACT: The native rock pool mosquito, Aedes atropalpus (Coquillett), and the invasive Aedes japonicus (Theobald) have been found in many types of artificial and natural containers throughout North America. Little is known about the ecology of these two species in habitats where they co-occur, although multiple investigators have reported the decline of the native species concurrent with the introduction and spread of the invasive species. Here we report the results of riverine rock pool collections (n=503) in the southern Appalachian Mountains between 2009-2015. Surface water temperatures strongly predicted the presence of each species across a broad range of observed temperatures (11-39.8° C). For every unit of increase in temperature (°C) the odds of collecting Ae. atropalpus larvae increased by 0.34 while the odds of collecting Ae. japonicus larvae decreased by 0.28. No Ae. japonicus larvae or pupae were collected at temperatures greater than 36° C; however, immature Ae. atropalpus were found in rock pools with temperatures up to 39.8° C. In contrast, Ae. japonicus were highly abundant in cooler rock pools (<17° C) where Ae. atropalpus were infrequent or absent. Our findings suggest that in spite of the successful invasion by Ae. japonicus, Ae. atropalpus remains well established in the southern Appalachian Mountains. Given the strong correlation of temperature with the presence of the two species and the contrasting absence of each species at observed temperature extremes, the role of thermal conditions should be carefully explored in the context of other ecological factors likely influencing the range and abundance of these mosquitoes. Journal of Vector Ecology 44 (1): 30-39. 2019.
INTRODUCTION
Since the recognized introduction of Aedes japonicus into the northeastern United States in 1998, multiple investigators have reported the decline of the native rock pool mosquito (Ae. atropalpus) associated with the geographic expansion of the invasive species (Andreadis et al. 2001 , Scott et al. 2001 , Bevins 2007 , Andreadis and Wolfe 2010 , Armistead et al. 2012 , Bartlett-Healy et al. 2012 . Historically, Ae. atropalpus is a common rock pool mosquito with reported distributions principally east of the Mississippi River in the United States and into eastern Canada (Shaw and Maisey 1961 , O'Meara and Craig 1970 , Darsie and Ward 2005 . Although Ae. atropalpus will readily feed on humans, it is a facultatively autogenous species and is not considered a mosquito of significant public health importance (Carpenter and LaCasse 1955 , O'Meara and Craig 1969 , O'Meara and Krasnick 1970 , Scholte et al. 2009 , Medlock et al. 2012 . However, the invasive Ae. japonicus is an anautogenous species and is known to feed primarily on mammals, including humans (Apperson et al. 2002 , Molaei et al. 2008 , Molaei et al. 2009 ). Field-collected Ae. japonicus have been identified with West Nile virus (WNV) and La Crosse virus (LACV) minimum infection rates similar to incriminated vectors (Harris et al. 2015 , Westby et al. 2015 . Thus, the displacement, or reduction, of the native species by Ae. japonicus would have public health implications, especially in the southern Appalachian region, where La Crosse encephalitis remains endemic (Gaensbauer et al. 2014 , Byrd 2016 .
Although rock pools are recognized as the primary habitat for Ae. atropalpus and Ae. japonicus throughout their native distributions, they have been found in a range of natural and artificial containers (e.g., tree holes, tires, bird baths, and buckets) (Tanaka et al. 1979 , Nawrocki and Craig 1989 , Qualls and Mullen 2006 , Kampen and Werner 2014 , Kaufman and Fonseca 2014 . In the aquatic environment, Ae. japonicus is well-known as a cold-tolerant species and, when compared to sympatric container-inhabiting mosquito species, the larvae have been collected at lower mean water temperatures (Tanaka et al. 1979 , Bevins 2007 , Bartlett-Healy et al. 2012 , Kaufman and Fonseca 2014 . In laboratory studies, Ae. japonicus larvae held at temperatures ranging from 10°-28° C developed at rates inversely related to the holding temperature, while no mosquitoes survived to emergence when held at 34° C or 40° C (J.J. Scott, unpublished data). Reuss et al. (2018) recently demonstrated Ae. japonicus larval survival to adulthood was possible between 10° C and 31° C and modelled the minimal (7° C), optimal (25° C), and maximal (31° C) developmental temperatures for cumulative female survival.
The successful invasion of Ae. japonicus may, in part, be due to its cold tolerance that may allow for expanded seasonal activity in temperate climates compared to native taxa (Kaufman and Fonseca 2014) . Conversely, Ae. atropalpus is known to be more heat tolerant as larvae. Shaw and Maisey (1961) reported finding immature Ae. atropalpus in rock pools with temperatures ranging from 4.4°-35.6° C and successfully reared larvae in the laboratory to the adult stage at temperatures up to 34° C. Similarly, Ae. atropalpus is known to colonize artificial containers (principally tires) in open sunlit areas associated with higher ambient temperatures (Beier et al. 1983 , Andreadis 1988 , Joy et al. 2003 , Andreadis and Wolfe 2010 .
The southern Appalachian Mountain region of western North Carolina (NC), northwestern South Carolina (SC), and northeastern Georgia (GA) consists of temperate broadleaf mixed forests on underlying gneiss geology. Known as one of the most biologically diverse temperate regions in the U.S.A., parts of this region receive >135 cm of rain annually. Coupled with elevational changes of >1,000 m and steep gradients, lotic rock pools in this region are diverse, highly dynamic, and prone to periodic and unpredictable flooding. Previously, Ae. atropalpus was found in rock pools within this region (GA and SC) by O'Meara et al. (1997) (Bevins 2007) . During these surveys, Ae. japonicus was the most common species found in rock pools (natural containers) along the Chattooga, Tallulah, Nantahala, and Cullasaja rivers. Of the 24 occupied rock pools surveyed in the study, Bevins found that Ae. japonicus was present in 20 (83.3%) while Ae. atropalpus was present in four (16.6%).
Prior to the introduction of Ae. japonicus into North America, the principle Aedes species found in rock pools in the eastern U.S. was purported to be Ae. atropalpus. In the northeastern U.S., there are multiple accounts documenting the reduction of Ae. atropalpus concurrent with, or shortly following, the introduction of Ae. japonicus (Scott et al. 2001 , Andreadis and Wolfe 2010 , Bartlett-Healy et al. 2012 . However, in the southeastern U.S. and at the southern range of the Appalachian Mountains, there are few records documenting rock pool mosquito fauna prior to 1998 (Shaw and Maisey 1961, O'Meara et al. 1997) . Our informal field observations and limited collections (2005) (2006) (2007) (2008) suggested that both Ae. atropalpus and Ae. japonicus were present in rock pools throughout the region with each species often in high abundance and intermittently cohabitating the same rock pools. These observations also promoted the hypothesis that these species are adapted to different optimal water temperatures, and water temperature determines species presence. Thus, the goals of this study were to determine the relative abundance, culicid habitat contemporaries, and temperature associations of both Ae. atropalpus and Ae. japonicus in natural riverine rock pools in the southern Appalachian region.
MATERIALS AND METHODS

Study sites
Rock pools were randomly sampled from seven sites along four rivers (Table 1) in the southern Appalachian region (Figure 1 Map) intermittently between April and September in 2009 , 2010 . Water temperatures were recorded for each rock pool collection by placing the distal portion of an Extech 39240 (Nashua, NH) thermometer approximately 3 cm below the surface; date, and time of sampling were also recorded. Collections were obtained at intervals of at least one month to minimize the likelihood of cohort resampling within the same rock pool and to safeguard sampling independence.
Mosquito sampling
Rock pools were visually inspected to confirm the presence of immature mosquitoes; samples within the pools were collected by either random sampling (stratified by depth) or exhaustive sampling. Samples were obtained by sweeping a small (7 cm X 5.5 cm) fine mesh net for approximately ten s throughout the entire rock pool to ensure the stratified collection of immatures near the surface of the water and throughout the water column. In pools that were too shallow for a net, a large bore pipette was used to remove immature mosquitoes. A minimum individual rock pool collection threshold of 30 immatures was established a priori. Individual rock pools with less than 30 immatures were sampled to depletion. Immature mosquitoes were placed in either 500 ml Nalgene bottles (Rochester, NY) or 207 ml Whirl-Pak bags (Nasco, Fort Atkinson, WI) for timely (same day) transport back to the laboratory facilities at Western Carolina University, Cullowhee, NC.
In the laboratory, pupae were transferred to rearing chambers (BioQuip, Racho Dominguez, CA) and permitted to emerge as adults. Early instar mosquito larvae were transferred to 24.8 cm X 19.7 cm larval rearing trays (BioQuip) with the original rock pool water, supplemented by tap water, and held at room temperature until development into later instars. Fourth instar larvae were heat killed and identified in situ by stereomicroscopy using characters described in Darsie and Ward (2005) . All samples were sorted by collection date and location and enumerated by species and life stage.
Statistical methods
Descriptive statistics and logistic regression were performed using R version 3.3.2 (R Development Core Team 2013). Each rock pool collection represented one statistical unit; thus, if the same rock pool was sampled at two different dates there would be two statistical units. We calculated the probability of occurrence of an event (presence of Ae. japonicus or Ae. atropalpus) in response to rock pool surface water temperatures using binary logistic regression; rock pools without Ae. atropalpus or Ae. japonicus larvae (n=23) were excluded leaving a total of 480 experimental units. To ensure the resulting dataset met the statistical assumptions for a logistic regression model, we used Pearson's productmoment correlation to test for autocorrelation of residuals for the modeled response variable to the explanatory variable. Additionally, in order to assess uneven sampling and phenological differences between the species, binomial logistic regression models were constructed for collections made during the summer months when the majority of the collections were made (June, July, and August) and other months (April, May, and September); models were also constructed for each sampling location. The samples (480 individual rock pool collections) were randomly split into a training dataset (n = 335) and a test dataset (~30%, n = 145); the training dataset was used to construct the logistic regression models. Afterwards, model diagnostics were tested by developing a confusion matrix to evaluate the model accuracy. In order to determine the outcome per unit (°C) increase of temperature, the odds ratios were calculated from the logistic regression by raising the β 0 coefficient to Euler's number (Szumilas 2010) .
RESULTS
A total of 503 rock pool collections yielded 28,859 immature samples consisting of five dominant culicid species (Table 2 ). The majority of samples (70.8%) were obtained in the months of June, July, or August. Aedes japonicus (n=14,893) and Ae. atropalpus (n=8,827) were the most commonly collected species, representing 91.1% of the total collections. Both species were present in 32.2% of the individual rock pool collections. Three other species, Culex territans (6.6%, n=1,727), Cx. restuans (1.5%, n = 392), and Anopheles punctipennis (0.8%, n = 210) were also collected. A few rare instances included a single Ae. albopictus (Skuse) from a rock pool in the upper west fork of the Pigeon river (NC), and several Toxorhynchites rutilius s.l. (Coquillett) from a rock pool in the Chau-Ram County Park, Westminster, SC; these two species are not included in any analyses or summary tables.
Rock pool temperatures (Table 1) were normally distributed and ranged from a minimum of 11.0° C to a maximum of 39.8° C (mean=26.4° C; median=27.2° C). The relative proportions of Ae. japonicus and Ae. atropalpus larvae were strongly related to water temperature ( Figure  2a ). As rock pool surface temperature decreased, the relative proportion of Ae. japonicus increased. Conversely, as the rock pool water temperatures increased, the relative proportion of Ae. atropalpus increased. A similar trend was observed for the pupae of the two species (Figure 2b) . No Ae. japonicus larvae or pupae were collected at temperatures greater than 36° C; however, immature Ae. atropalpus were found in rock pools with temperatures up to 39.8° C. In contrast, Ae. japonicus immatures were highly abundant in cooler rock pools (<17° C) where Ae. atropalpus were infrequent or absent. Similarly, the number of rock pools containing Ae. japonicus and Ae. (Figure 2c ). Given the non-normal distributions of the mosquito counts within each pool, many right-tailed outliers, and a haphazard sampling pattern, a binomial logistic regression model was constructed to predict the presence or absence of each species with temperature as the explanatory variable (Figure 3 ). In this model, the regression coefficient is the estimated increase in the log odds of a species being present per unit increase (°C) in temperature. The calculated odds ratio for Ae. atropalpus and Ae. japonicus were 1.34 (95% CI: 1.26-1.43, P<0.001) and 0.72 (95% CI: 0.66-0.77, P<0.001), respectively; P-values were determined by analysis of deviance. Thus, for every unit of increase in temperature (°C) the odds of collecting Ae. atropalpus larvae increased by 0.34 while the odds of collecting Ae. japonicus larvae decreased by 0.28.
The predictive sensitivity and specificity for the Ae. atropalpus binomial logistic regression model at a threshold of 0.5 were 85.2% and 66%, respectively. Similarly, for Ae. japonicus, a threshold of 0.5 yielded a sensitivity of 86.8% and a specificity of 58.7%. Confusion matrix analyses (Table 3) determined the model accuracies to be 78.6% (95% CI: 71.0%-85.0%) and 77.9% (95% CI: 70.3%-84.4%) for the presence or absence of Ae. atropalpus and Ae. japonicus, respectively. Receiver operating characteristic curves demonstrate 83.9% and 87.1% area under the curve for Ae. atropalpus and Ae. japonicus, respectively. The shapes of the curves, trending close to the y-axis before gradually departing, suggest the speciesspecific models have good predictive ability (Fawcett 2006) . Other species collected in our surveys (e.g., Cx. territans, Cx. restuans, and An. punctipennis) were evaluated but model predictions were no better than random (data not shown). Although the model predictions were not significant for Cx. territans, the relative proportions of larvae for this species do decrease as temperature increases ( Figure 2a) ; pupae were not collected in pools with temperatures above 27° C.
Models for collections made outside the summer months showed that temperature remained strongly related to the presence of each species, indicating that phenology and uneven seasonal sampling did not play a major role in the presence/absence trends. Similarly, because the time of day may be correlated with rock pool temperature, we analyzed collections taken within the hours of 11:00-16:00, where rock pool temperatures are most likely to vary, to other times of the day; there were no appreciable differences in the overall proportional trends or probability. Site-specific models also demonstrated trends similar to the overall model (i.e., beta coefficients with the same directionality for each species) suggesting little difference between collection sites. However, two site-specific models (Pigeon River collection sites) did not show a clear trend for the increase of either species in relation to temperature; this is likely due to the low number of collections at these sites.
DISCUSSION
Our findings suggest that in spite of the successful invasion by Ae. japonicus, the native rock pool mosquito Ae. atropalpus remains well established in certain (warmer) riverine rock pools in the southern Appalachian Mountains. Although Ae. japonicus is more common in cooler rock pools, Ae. atropalpus was found at all collection sites, including rock pools at >1,300 m elevation. The apparent heat tolerance of Ae. atropalpus, as evidenced by the collection of pupae producing viable adults from rock pools with surface water temperatures >36° C, is supported by previous laboratory research (Shaw and Maisey 1961) . Our data also support the hypothesis that Ae. japonicus has a limited thermal tolerance that may, in part, explain the delayed spread of the invasive species in the southern U.S. (Kaufman and Fonseca 2014, Riles et al. 2017 ). However, our findings do not explain the reported decline of Ae. atropalpus in more temperate (northern) environments or the success of Ae. japonicus in habitats and aquatic temperature ranges (e.g., ~22-32° C; Figure 3 ) where they may co-occur (Scott et al. 2001 , Andreadis and Wolfe 2010 , Armistead et al. 2012 . Collectively, the differential temperature associations between the two species may result in broad areas of coexistence in the southern Appalachian region.
To date, research efforts to explain the reduction of the native Ae. atropalpus by the invasive species have focused primarily on a potential competitive advantage by Ae. japonicus in the larval habitats (i.e., larval resource competition). However, laboratory microcosm experiments by multiple investigators do not provide evidence of
Aedes atropalpus
Aedes japonicus interspecific competition as a robust factor promoting the success of Ae. japonicus (Armistead et al. 2008, Hardstone and Andreadis 2012) . Results from these prior studies were ambiguous or found weak larval competition suggesting that other mechanisms or factors may be responsible for the spread of Ae. japonicus and the concurrent decline of Ae. atropalpus (Armistead et al. 2008, Hardstone and Andreadis 2012) . Investigators have also hypothesized that Ae. atropalpus may be vulnerable to weak competition pressure as an autogenous species that relies on a prolonged larval development time to gain appropriate nutrient reserves (Armistead et al. 2008, Kaufman and Fonseca 2014) . Previous studies by Shaw and Maisey (1961) and Armistead et al. (2008) also suggest that the two species may have similar developmental times, from egg hatch to adult emergence, at intermediate temperatures (25-27° C) , and that larval development in Ae. japonicus is actually slow relative to other container-inhabiting species.
Prediction Prediction Actual
Further study is required to tease apart the impacts of larval resource competition on rock pool mosquitoes, and our findings suggest that the role of additional environmental conditions should be strongly considered, as temperature may differentially affect the outcomes of larval competition between autogenous and anautogenous species. Rock pools in this study were found at elevations from 226-1,366 m. The area and volumes (<100 mL to >30 L) of these pools varied greatly and occurred in both open and exposed areas (e.g., Chattooga: Bull Sluice) and in narrow and highly shaded areas (e.g., Chattooga: Bull Pen) of the same river. In this study, we sampled predominately between 09:00-16:00 during the summer months (June-August) when greater variation in rock pool temperatures is expected; rock pool temperatures are also likely to co-vary with pool volume, elevation, and associated shade. Additionally, the relative abundance of the two species as larvae in rock pools vary seasonally. Rock pools that may reach >36° C during the summer may contain Ae. japonicus as the dominant species earlier in the season (data not shown). Lastly, rock pools sampled at higher elevations (Pigeon River collection sites: >1,200 m) showed no clear relationship between temperature and presence or absence of either species. This may be related to statistical power (only 30 rock pool collections per site) and observed temperatures rarely escaping the intermediate temperature ranges in which both species co-occur (22° to 30° C). Thus, additional study is required to determine if the lack of prediction is due to lower temperatures at higher elevations or if other ecological factors play a role.
The rivers in this study are undammed upstream of our study sites and are thus highly dynamic; the lotic rock pools in this study are subsequently prone to unpredictable flooding that alters both the mosquito abundance and community structure. Recent work by Duchet et al. (2017) described the negative impacts of flash flooding in experimental pools and demonstrate both the loss of food resources (e.g., phytoplankton and zooplankton) and the resulting decrease in mosquito oviposition suggesting a complex interplay of abiotic and biotic factors. In our system, the impact of flooding may co-vary with temperature and could directly or indirectly impact the oviposition behaviors, developmental time, or survival for all the culicid species collected in this study.
Although our current study focused solely on rock pool surface water temperatures, there are certainly additional factors that should be considered in determining the invasion dynamics and apparent success of Ae. japonicus in cooler rock pools. Indeed, Armistead et al. (2008) propose that ecological processes such as asymmetric intraguild predation, interguild predation, and larval resource partitioning should be further explored. The authors explicitly relate the ability of Ae. japonicus larvae to survive long periods at low temperatures, including overwintering as larvae, as an advantage that should be examined in these contexts. The ability of both Ae. atropalpus and Ae. japonicus to successfully recolonize rock pools after disturbances such as flooding should be evaluated in the context of their seasonal phenology. Furthermore, our findings are limited to one abiotic factor (temperature) that may differentially impact other ecological processes, such as predation and competition. Thus, further research is required to better understand the importance of temperature on rock pool community structure in the southern Appalachian region and across a broader latitudinal range.
The introduction of Ae. japonicus into the northeastern U.S. and its spread into more than 30 states has clear public health implications, especially in the Appalachian region (OH, WV, VA, and NC), where LACV, the most common cause of pediatric arboviral encephalitis in the U.S., remains endemic (Gaensbauer et al. 2014 , Kaufman and Fonseca 2014 , Byrd 2016 . Although laboratory studies have demonstrated the ability of Ae. atropalpus to transmit LACV and WNV, this species has not been incriminated in arboviral transmission in the U.S., likely due to low relative abundance and facultative autogeny (Freier and Beier 1984, Turell et al. 2001) . Therefore, the displacement of Ae. atropalpus by Ae. japonicus may increase the transmission of zoonotic arboviruses.
Our findings also support the findings of Bevins (2007) in that Ae. japonicus is well established and highly abundant in certain rock pools in the southern Appalachian Mountains. However, our surveys demonstrate that the native rock pool mosquito Ae. atropalpus remains well established in warmer riverine rock pools in the same region. This difference may be a result of obtaining a larger number of rock pool collections (503 in this study vs 24 by Bevins), extensively surveying rock pools in both open/exposed and shaded areas, Ae. atropalpus populations potentially rebounding following an initial decline after the immediate invasion by Ae. japonicus, or other factors. Invasion dynamics are complex. The introduction of Ae. albopictus in the U.S. resulted in a decline in some native or resident mosquito species; Ae. atropalpus and Ae. aegypti abundances, in particular, were reduced in some parts of the southeastern U.S. (O'Meara et al. 1995) . However, these latter species remained as common mosquitoes in some regions and differences in thermal tolerances have played an important role in these outcomes (Juliano et al. 2002 , Lounibos et al. 2010 .
Our study also informs Ae. japonicus surveillance in other states or warmer regions of the U.S. in that larval surveillance for the invasive species may need to occur earlier or later in the season during cooler months. For example, Ae. epactius, a sister species of Ae. atropalpus, is anautogenous (O'Meara and Krasnick 1970) and is often found in rock pools in the midwestern and southwestern regions of the United States. Field reports by Gaspar et al. (2012) documenting the first reports of Ae. japonicus in northwest Arkansas stated that it was the predominant species in rock pools during early summer months with lower ambient air temperatures, while Ae. epactius dominated the pools during the midsummer months with higher ambient temperatures. Taken together, our findings and the work of others, suggest that additional ecological study of rock pools within the U.S. is warranted to understand the roles of biotic and abiotic factors, including community composition, on the abundance and distribution of both native and invasive rock pool mosquitoes. Ongoing research efforts in our lab include monthly collections throughout the year to better understand the seasonal abundance and community dynamics in rock pools.
